This work reports on a high-voltage, hybrid capacitor involving two separate redox reactions. Aqueous solutions of Mg(NO 3 ) 2 and KI have been used for negative and positive electrode, respectively. Adjusting pH ¼2 for electrode ( þ) with KI solution and modifying Mg(NO 3 ) 2 solution to pH ¼9 for negative side play a crucial role for a stable long-term operation of capacitor at enhanced voltage. A benefit from such a construction is a pseudocapacitive contribution from hydrogen sorption reaction on the negative electrode and high iodine/iodide activity on the positive electrode, enhancing the energy with no remarkable impact on the power profile. Proposed solution allows a high voltage (1.8 V) to be reached and thereby high power and energy performance ($ 20 W h/kg at 1 kW/kg) to be obtained. High long-term stability has been confirmed by floating and galvanostatic tests.
Introduction
Electrochemical capacitors are high power devices designed to fill the gap between batteries and electrolytic capacitors. Application of activated carbon electrodes with high surface area significantly improves the energy performance of these devices over classical capacitor design [1, 2] . Electrochemical capacitors can be classified into several groups, depending either on the electrolyte used or the electrodes design; thus, one can distinguish water [3] [4] [5] [6] [7] [8] , organic [9] [10] [11] [12] [13] and ionic liquid [14] [15] [16] based supercapacitors. On the other hand, if one will look at the electrode configuration [17] there are two groups, i.e. symmetric AC/AC [18, 19] and hybrid capacitors [20] [21] [22] [23] [24] [25] . Nevertheless, in all of these groups one always struggles in a compromise between power, energy and cycle life of the final device.
The major disadvantage of AC/AC supercapacitors working in aqueous electrolytes is their low maximum operating voltage ($ 1 V for H 2 SO 4 and KOH solutions) which directly limits the energy output of these devices at ca. 5 W h/kg [26] . With the energy density at such a moderate level, water-based devices will always be less attractive than organic ones, reaching 2.7 V and characterized by maximum energy at the level of ca. 20 W h/kg [27] . Hence, an enhancement of operating voltage is required. To list the benefits of aqueous systems, one can mention typical technological aspects such as easier assembly process (no need for inert atmosphere, material purification processes, and expensive drying steps), user safety and environmental friendliness. Another advantage of the aqueous electrolytic solution is remarkably higher conductivity leading to better power performance.
Recently, in pursuit of improving energy in aqueous-based capacitors, the system operating up to 2.2 V in alkali metal sulfate solution has been reported [8] . However, such extremely high voltage value was achieved on gold current collectors that exclude the parasitic effect of corrosion. Recently, a maximum operational voltage of Li 2 SO 4 -based electrolyte is reported as 1.5 V [28] . Higher voltages lead to water decomposition and current collectors corrosion. Unfortunately, even at 1.5 V the energy output is still lower than for devices operating in organic solutions. On the other hand, high values of capacitor voltage were achieved by involving redox active transition metal oxide and carbon electrodes. Such asymmetric configurations are characterized by high energy efficiency and operation in the voltage range from 1.7 V up to 2.4 V in aqueous electrolytes [29] [30] [31] .
As the energy of capacitor depends on the amount of charge accumulated, another possibility of energy density improvement is an introduction of fast redox reactions originating either from electrolyte solution like halide ions [24, 32, 33] , hydroquinones [34, 35] or electrode material with pseudocapacitive effects [36, 37] . In such a hybrid configuration, two different charge storage phenomena are combined: an electrostatic on one electrode with significant potential change during charging/ discharging whereas redox-couple determines constant potential of the second electrode with only moderate changes when the voltage of the device is extended. Moreover, electrochemical hydrogen storage has to be considered as a source of additional capacitance on negative electrode [38] [39] [40] [41] [42] . An advantage of this phenomenon is the shift of the hydrogen evolution potential; it can be exploited to increase the maximum electrochemical window of aqueous-based supercapacitors.
In this work a high voltage hybrid, aqueous capacitor involving two separate redox reactions is presented. The idea of such device was described in our previous report, where KOH and KI electrolytes were used, and system reached 1.6 V [25] . In this construction, the KOH was replaced by Mg(NO 3 ) 2 and KNO 3 served as an electrolyte for the separator soaking. The novelty of our present system is an additional pH change of electrolyte solution to acidic one for the positive side and into alkaline pH on the negative side. The purpose of such a construction is to benefit from hydrogen sorption reaction on the negative electrode and high iodine/iodide activity on the positive electrode. Proposed solution allows a high voltage to be reached and thereby high power and energy performance to be obtained. 
Cell configuration
All investigations were performed in two-and threeelectrode Swagelok s cell configuration with stainless steel current collectors. The experiments were conducted in two configurations, AC/AC symmetric cells and AC/AC hybrid electrolyte cell. In all cases, firstly the electrodes were immersed in the electrolyte solution and left under vacuum for 1 h. In the case of symmetric cells, both electrodes and separator were immersed in the same electrolyte. In the case of hybrid electrolyte system, the positive electrode was immersed in KI/H 2 SO 4 solution and negative in Mg(NO 3 ) 2 /KOH electrolytes. After immersion step, the electrodes were placed on the current collectors and the excess of the electrolyte was removed; in a hybrid configuration, to provide proper separation of specific electrolytes, electrodes were covered by glass fiber separator soaked in 1 M KNO 3 solution.
Electrochemical measurements
A fundamental electrochemical performance characterization of prepared cells was done by three techniques; galvanostatic charge/discharge with potential limitation (0.5-20 A g À 1 ), cyclic voltammetry (10 mV s À 1 ) and electrochemical impedance spectroscopy (100 kHz-1 mHz). The longterm stability of the systems was tested both by floating technique and galvanostatic charging/discharging at 10 Ag À 1 current density [40] .
Three-electrode cell investigation with mercury/mercury sulfate reference electrode (Hg/Hg 2 SO 4 , E ¼ 0.654 V vs. NHE) involved galvanostatic charging/discharging at 0.5 A g À 1 current density to determine the operating potential windows for both electrodes, and afterwards -cyclic voltammetry at 5 mV s À 1 scan rate. All electrochemical experiments were conducted on multichannel potentiostat/galvanostat VMP3 from BioLogic s France.
Results and discussion

Cyclic voltammetry investigation
Comparison of voltammograms for AC/AC capacitors with mixed KI/Mg(NO 3 ) 2 electrolyte and hybrid separated electrolyte system is shown in Fig. 2 . The cells were prepared as described above; before reaching 1.8 V the cells were cycled at 1 V and then the voltage has been increased gradually until 1.8 V with 100 mV stepwise. It has to be noticed that presented profiles are the last cycles of 1.8 V cycling step (for each cell voltage the scanning has been repeated three times). In the case of mixed electrolyte, the average capacitance value is significantly higher (248 F g . Moreover, for a system with mixed electrolytes a deterioration from box-like shape can be observed. At low cell voltages (0-0.3 V) a high current peak appears and the intensity of this response is voltage-dependent. This effect corresponds to the high activity of iodide and iodine species, resulting in the formation of triiodides and polyiodides [35] . Once the voltage of 1.8 V is applied, an additional contribution of hydrogen storage might be observed; we assume that small 'humps' at 1.3 V and 0.3 V might be attributed to hydrogen sorption/ desorption process, but the three-electrode experiment is required to confirm this assumption. The increase of the current response at 1.6-1.8 V may correspond to water decomposition processes.
For hybrid electrolyte system (i.e. with KI and Mg(NO 3 ) 2 electrolytes well separated), the typical box-like shape is recorded. However, a negligible increase of current response with voltage increase can be observed, with a small deterioration from a box-like shape at 0.2 V. There are no current peaks at low cell voltages corresponding for high iodine/iodide activity.
Hence, we assume that electrolytes are well separated, and redox activity of iodine is shifted towards higher potential values (to be confirmed by three-electrode investigation). It is worth noting that at 1.8 V one cannot observe a current increase. Hence, it proves that electrochemical capacitor operating in hybrid electrolyte system appears to be stable at 1.8 V (Fig. 2) .
Three-electrode cell investigation
More in-depth study of the aforementioned systems requires a three-electrode investigation. The reference electrode (Hg/ Hg 2 SO 4 in 0.5 M K 2 SO 4 , 0.654 mV vs. NHE) has been introduced to the two electrode Swagelok s system. The system was galvanostaticaly charged/discharged at 0.1 A g À 1 current density to establish the positive and negative electrode potential windows. The result of this experiment is shown in Fig. 3 as the relationship between potentials of electrodes vs. corresponding cell voltage. Comparison of obtained voltages with the theoretical potential of O 2 and H 2 evolution for positive and negative electrode confirmed our previous assumptions. The positive electrode potentials reach the values lower than the O 2 evolution limit. Thus, one should not expect gas evolution and decomposition of electrolyte on the positive side. On the other hand, the potential of negative electrode goes deeply above theoretical H 2 evolution limit. In such conditions, one should expect the beneficial pseudocapacitive effect of hydrogen storage and accordingly -increase of capacitance performance of the system. This prediction was confirmed by cyclic voltammetry for individual electrodes, shown in Fig. 4 .
The shape of the voltammetry profile suggests that once the potential limit is shifted towards more negative values, hydrogen is stored, and hysteresis loop can be observed. Storage process is followed by desorption process during discharge with corresponding oxidation peak at À 0.1 V. Hydrogen storage process can be explained by Volmer reaction; no current perturbation at low potential values excludes Tafel mechanism (hydrogen recombination and evolution). Voltammetry profile for the positive electrode in a potential range corresponding to 1 V of the cell voltage demonstrates typical iodine/iodide redox response [35] . A further shift of maximum potential towards more positive values leads to the formation of the second peak. According to the Pourbaix diagram of iodine, this peak might correspond to the reaction of iodates formation. One should note that IO 3 -specimen is more preferably formed in slightly alkaline solutions, and hydrogen storage process on the negative side might slightly increase a pH of the positive electrode bulk. Finally, the lack of current perturbation and fact that maximum potential value reached is lower than theoretical potential of O 2 evolution, suggest that there is no electrolyte decomposition. Three-electrode cell investigation shows no evidence of gas evolution in the system at potentials corresponding to 1.8 V cell voltage, and confirms the existence of two redox contributions: hydrogen storage on the negative electrode and iodine/iodide/ iodate on the positive electrode.
Floating test and cycle stability performance
The next step of the investigation was focused on the longterm stability of the systems. Two different techniques were involved in this investigation: floating (voltage hold) and galvanostatic cycling [43] . Fig. 5 and Fig. 6 show the comparison of floating results for a system with mixed electrolytes and hybrid electrolyte system. One loop of floating test accounts for 2 hours of voltage hold followed by 50 cycles of galvanostatic charge/discharge at 1 A g À 1 current density. For a system with mixed electrolytes, an increase of capacitance value at first several hours of floating test can be observed. This increase of capacitance value originates from the formation, dissolution and reactions between different forms of iodides and iodine demonstrating high redox activity in this region. After several hours of floating a dramatic loss of capacitance might be observed (more than 80% of the initial value of capacitance). A comparison of galvanostatic charge/discharge before and after floating demonstrates an enormous increase of internal resistance in the form of an ohmic drop. This evidence confirms the system failure. Additionally, after measurements, the device was dismounted, and remarkable traces of corrosion were observed.
For the hybrid electrolyte system, good capacitance stability was observed during 60 h of floating. The capacitance retention is maintained at 95%. Moreover, there is no significant difference between galvanostatic charge/discharge profiles recorded before and after the floating test.
The stability of hybrid electrolyte system was also confirmed by 20 000 galvanostatic charging/discharging cycles at 10 A g À 1 current density. Meanwhile, after each 1 000 cycles, a 1 cycle at 1 A g À 1 current density has been recorded to monitor the redox-originating changes in the system. A slow decay of capacitance values with cycles was observed. The capacitance retention is 97% of the initial value. Comparison of the first and last cycle at 10 A g À 1 current density reflects a small resistance increase and improvement of efficiency of the process. The increase in resistance of the cell is probably not connected with electrochemical nature of the system but rather with the imperfection of test system, demonstrated by EIS experiment and discussed later. However, during fast charge/ discharge no significant contribution of hydrogen storage was observed, the comparison of low current regime cycles reflects changes in charge/discharge profiles in regions corresponding to hydrogen sorption-desorption process. No distortion at 0.5-0 V and no sharp change of the curve slope in the region of 0-0.2 V might suggest that the hydrogen sorption/desorption reaction was suppressed by increased iodine/iodide redox activity. Finally, both these experiments confirmed high voltage stability of hybrid electrolyte system.
Self-discharge phenomena
The profile of self-discharge vs. time and vs. log(t) during 20 h of open circuit voltage is presented in Fig. 7 .
During first 5 hours at open circuit conditions, the initial voltage has declined by 40%. Afterwards, the voltage is stabilized and after next 5 h the voltage dropped below 50% of initial value. The self-discharge might be attributed to three phenomena: overcharging and electrolyte decomposition (nondiffusion controlled), redox activity due to impurities and redox active species (diffusion controlled), and ohmic 'leak' associated with construction failure. The self-discharge mechanism involving faradaic process is represented as a linear dependence of the voltage versus log(t). Since the maximum cell voltage is higher than water decomposition voltage, one may expect discharging effects of this phenomenon. However, there is no linear fit at the beginning of the self-discharge curve. Nevertheless, after 5 h at open circuit conditions the linear fitting of the self-discharge profile on the log(t) scale is obtained and may correspond to redox activity of electrolyte [44] [45] [46] [47] . Based on Fig. 3 one may conclude that after reaching 1 V of the cell voltage, the negative electrode is working above the potential of hydrogen evolution. It might suggest that the initial loss of voltage might be caused by high ionic concentration in the electrode bulk since the charge is stored not only in double-layer but also by weak chemical bonding of nascent hydrogen. After the initial loss of voltage, the stabilization of self-discharge process is connected with iodide/iodine redox activity, confirmed by linear profile on U-log(t) curve. We assume that adsorption of redox species (iodine and hydrogen) and the strength of their bonding with carbon can play important role in self-discharge phenomena. The stronger bonding of species, the lower self-discharge [47] .
3.5. Electrochemical impedance spectroscopy The origin of the semi-circle at high frequencies is connected rather with the construction of the cell; electrodes in the form of self-standing pellets may have a limited contact with the current collector and result in significant charge transfer resistance (equivalent distributed resistance). The resistances in the form of the Nyquist plots recorded for the system after and before floating are similar; after 60 hours of floating, equivalent series resistance slightly increased from 0.58 Ω to 0.83 Ω. No visible traces of corrosion led to the conclusion that longterm floating test aggravates rather the electrode material and causes a decrease in conductivity between the electrode and the current collector. We assume that this is reflected in the Nyquist plot as an increase of charge transfer resistance. It suggests that no electronic change occurs in the system. Nevertheless, in both cases the capacitive behavior of the system is well preserved. Fig. 9 shows Ragone plot obtained for hybrid, mixture, and symmetric systems. Calculation of specific power and specific energy of presented systems was based on galvanostatic charging/discharging method at 0.5-10 A g À 1 current loads taking into account active material mass of both electrodes. As expected, the hybrid and mixed systems are characterized by energy density twice higher than other presented solutions. Mixed electrolyte system provided the best energy performance; it is however discarded because of low cycle stability.
Power and energy performance
The hybrid electrolytic system, especially with controlled pH, is characterized by the best power performance. High energy density makes the hybrid electrolyte system an attractive competitor versus existing organic solutions reaching similar energy densities.
Conclusions
The high-voltage capacitor with hybrid aqueous electrolyte was successfully designed, constructed and characterized. A variety of performed experiments proved the superiority of electrolyte hybridization. We confirmed that a good separation of electrolytes plays a crucial role for the voltage enhancement; electrodes operating in electrolyte with various pH demonstrated a significant shift for hydrogen and oxygen evolution potentials. Moreover, the negative electrode operates near to hydrogen evolution potentials and boosts the capacitance from pseudocapacitive effect of hydrogen storage while redox activity of iodide/iodine redox couple preserves the positive electrode against oxidation. Long-term cycling as well as floating tests confirmed the stability of the system. Finally, the proposed design allows us to overcome the water decomposition and to reach 1.8 V capacitor voltage. The energy density of 20 W h/kg has been achieved at 1 kW/kg power rate.
